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Abstract
Two tests were carried out on weak sandstone outcrop samples, in order to assess whether sequences of injection of a pore fluid 
and shut-in could have a destabilising effect on the borehole wall of the hollow cylinder specimen. The fluid injected was 
kerosene, at room temperature, from the borehole radially outwards, while maintaining confinement by inserting the specimen in 
a rubber sleeve, in a pressurized oil bath. Although no visible signs of any damage could be seen, cumulative deformation occurs 
at each injection cycle, with net effect of slight borehole enlargement. An analytic analysis suggested however that under the
confining stress conditions of the tests, plastic deformation should cumulate in the opposite direction, with borehole diameter 
shrinkage. This is despite a very good match in terms of absolute deformation values. Further analyses should resolve the issue 
and allow one to predict whether cyclic injection may have an impact on permeability or formation integrity.
© 2015 The Authors. Published by Elsevier Ltd.
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1. Introduction
Guaranteeing optimal CO2 injectivity in a designated storage reservoir has been identified as one of the principal 
remaining gaps on the road to implementing large scale underground CO2 sequestration [1]. Impediments to and 
ensuing loss of injectivity can be related to formation damage mechanisms, as experienced in conventional oil and 
gas injection wells [2]. In addition, development of thermal stresses due to temperature contrasts between injected 
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fluid and formation could compromise formation or cement integrity, leading to fracturing and loss of reservoir 
containment [3]. Here, injectivity would be lost in a passive sense, in that the CO2 would be diverted into mostly 
vertical fractures instead of flowing directly into the intended storage porous space.
Another possible threat to smooth injection operations could be formation integrity loss, this time due to cyclic 
injection and shut-in sequences. The suspected mechanism for integrity loss would here be related to fatigue loading 
failure, as experienced in metals [4]. Accumulation of non-reversible plastic strain could bring weak formations 
beyond their load bearing capacity. This is especially relevant for CO2 storage, often envisaged in relatively shallow 
aquifers as compared with deeper oil and gas plays. This would put at risk injectivity by for example clogging 
perforation tunnels with failed material.
This last injectivty risk, namely rock failure due to cyclic load induced fatigue is what the experiments described 
here were set to investigate. Whereas in production wells failure may lead to the formation of stable sand grain 
arches after steady state is achieved, it is conceivable that these arches will be destroyed in alternating flow 
(injection of CO2 followed by shut-in periods) or even that repeated cycles push the formation to its fatigue limit, 
with collapse and well loss as a consequence. Another consequence may be permeability impairment, upon 
compaction of the near well formation.
2. Laboratory cyclic fluid injection fatigue tests
Two tests were carried out on samples from a weak sandstone outcrop, the Saltwash South sandstone, in order to 
assess whether sequences of injection of a pore fluid and shut-in could have a destabilising effect on the borehole 
wall. A hollow cylinder (HC) geometry was chosen [5], maintaining the rock close to its failure stress near the 
borehole, so as to assess whether rock fatigue could be enough to make it fail; this, even though at no time during the 
experiment, the shear stress at the borehole would be above the value for shear failure.
Dry cylindrical specimens with dimensions of 10 cm outer diameter and 10 cm height, with a borehole of 2 cm 
diameter were introduced into a hydrostatic pressure vessel (Figure 1). A Quizix high precision pump was used to 
fully saturate the samples with, and then deliver, kerosene from the borehole. The outside surface was at all times 
kept at atmospheric fluid pore pressure; this was obtained by inserting a proppant layer (ceramic particles) around 
the sample, thus transferring the applied confining stress (itself generated by having the sample in a rubber sleeve 
inside a pressurized oil bath) directly to the rock but allowing the kerosene to flow out of the sample to a fluid port in 
the base plate of the pressure vessel. The tests were run at ambient temperature. In reality, one should have the rock 
sample at a higher temperature than the injected fluid, typically, as development of thermal stresses would probably 
aggravate fatigue, although the temperature contrast will differ from case to case. Deeper storage reservoirs will be 
warmer, and the CO2 temperature will be dependent on compression amount at surface as well as depth of reservoir.
The reason for choosing kerosene as pore fluid was that on the timescale of these experiments, it would be 
impossible to notice any change to the rock due to chemical interaction with injected CO2, such as mineral 
dissolution and deposition. Future work should thus reproduce the same experiments on rocks having been exposed 
to CO2 for a sufficient amount of time so that noticeable changes in mineralogy can be obtained, affecting 
permeability and perhaps initial strength (depending on the chosen rock formation). Also, tests with CO2 as flowing 
fluid could have an effect on capillary cohesion between sand grains in event of sandstone failure near the borehole, 
at least as long as full miscibility between injected CO2 and resident brine is not achieved.
2.1. Results from first fatigue test
In the first fatigue test, the confining pressure was first taken up to 10 MPa at a constant rate of 20 MPa/h. This 
value of confining stress was chosen so as to be close to the known failure stress of 12 MPa (from dedicated sand 
production tests run at SINTEF). About 100 injection cycles were then carried out, whereby a flow rate of 50 ml/min
was established for 75 s, followed by a pause in injection of the same time length. During the shut-in part of the 
cycle, the borehole pressure was seen to decrease back to atmospheric pressure. Photographs of the HC plugs before 
and after testing, as well as a CT scan reconstruction in 3D of the borehole, are shown in Figure 2. No large visible 
signs of any damage can be seen.
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Fig. 1. (a) Hydrostatic pressure vessel, in which the Saltwash South sandstone HC samples were tested for cyclic injection related fatigue; (b) 
The specimen inside the pressure vessel, enshrouded in a rubber sleeve to isolate it from oil achieving the confining pressure in the vessel and 
strain gauge instrumentation; (c) Sketch of instrumentation inside pressure vessel showing fluid ports, axial deformation gauges fastened to top 
and bottom platens and radial deformation clip gauges outside the sample and inserted from the top platen into the specimen borehole.
Fig. 2. (a) Photograph of the top surface of the HC plug used in the first fatigue test, before testing; (b) The same specimen after testing; (c) X-ray 
CT scan reconstruction, showing no visible damage to the near-borehole area.
The resulting deformations are measured by two pairs of strain gauges place perpendicularly at mid-height on the 
surrounding sleeve (as shown in Figure 1b), as well as by two perpendicularly placed pairs of calipers in the 
borehole (also at mid-height of the specimen). The calculated strains are given in Figure 3. Zooming in on the 
internal strain measurements, one can observe a slow trend of decreasing deformation with occasional jumps (Figure 
4). This deformation goes in the opposite direction to borehole strain while loading the confining pressure, indicating 
perhaps some plastic accumulation of deformation while injecting kerosene. If this is the case, then we register that 5 
mStrain (or 5 mm/m relative deformation) was accumulated during the test.
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Fig. 3. Timeline of the first cyclic injection test, showing in red the confining stress. The associated strains on the outer and borehole wall surfaces 
are shown in the different colour curves.
Fig. 4. Timeline of the first cyclic injection test, showing in red the confining stress. Zoom on the borehole strain curves, showing a general 
tendency of slow and continuous deformation towards lower values.
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2.2. Results from second fatigue test
In the second fatigue test, the confining pressure was continuously increased until reaching 11 MPa, in an attempt 
to get even closer to rock failure before setting in injection cycling. Again, about 100 injection cycles were then 
carried out, whereby a flow rate of 50 ml/min was established for 75 s, followed by a pause in injection of the same 
time length. Again, no large visible signs of any damage could be seen on the plugs after testing.
The calculated strains are given in Figure 5. Zooming in on the internal strain measurements, one can again 
observe a slow deformation trend towards lower strain values with occasional jumps; this time, the slope is more 
pronounced. Again, this deformation goes in the opposite direction to borehole strain while loading the confining 
pressure, indicating perhaps some plastic accumulation of deformation while injecting kerosene. This time, the 
accumulated strain is up to 15 mStrain.
Fig. 5. Timelines of the second cyclic injection test, showing in red the confining pressure. (a) The associated strains on the outer and borehole 
wall surfaces are shown in the different colour curves; (b) Zoom on the borehole strain curves, showing again a general decreasing tendency.
3. Stress and strain analysis for fatigue tests
In this section, the stress state and strain development close to the borehole are analysed, for a sandstone with the 
properties of Saltwash South outcrop, with hollow cylinder plug geometry corresponding to the tests described 
above.
3.1. Stress distribution around the borehole
In this section, the stress distribution from the hollow cylinder (HC) plug's borehole to its outer edge are given, 
for the cases without and with fluid flow, for the elastic case and plastic case.
3.1.1. Elastic deformation analysis
The presence of the borehole has an effect on the stress state of the material under compression: it transfers loss 
of radial support to tangential or hoop stress, near the borehole wall. Thus, under isotropic compression, as obtained 
by applying uniform radial stress on the outer surface of the plug, the radial and tangential stresses will have equal 
values on the outer surface and diverge towards the borehole. A pressure difference between the well and the outside 
surface of the plug is established, leading to pore fluid flow in the radial direction, from or towards the borehole. 
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The governing equations become quite complicated if one does not neglect the logarithmic term, as is often done 
[6]. The resulting expressions for the effective stresses are:
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D is the Biot coefficient [7] and Q is the Poisson's ratio, Vr is the radial stress component, VT – the tangential 
component, a – the borehole radius, b – the HC plug's outer radius, Vri – the internal stress (the radial stress applied 
on the borehole wall), Vre – the external stress (the radial stress applied on the outer HC wall) and r is the radial
coordinate in the plug, running from a to b. Similarly, pi is the internal fluid or well pressure and pe – the external 
pore fluid pressure. Note that here, the usual convention in elasticity theory is taken, whereby positive stresses 
denote tension. Imposing a drawdown of 1 MPa results in the effective stress distribution shown in Figure 6 (for 
better readability, the compressive stresses are shown as positive values). Here, for better illustration purposes, the 
HC plug dimensions are taken to be twice the laboratory tests, with an outer diameter to inner diameter ratio of 10. 
Boundary conditions are chosen such that the applied (total) radial stresses are 3 MPa on the outer surface and 2 
MPa on the inner, borehole wall, surface, so as to be well within the elastic deformation limits. This stress difference 
leads to an accompanying increase in tangential stress, up to 3.5 MPa at the borehole wall. Note that the expression 
for the tangential effective stress in equation (3.1) converges slowly to the external applied radial stress, i.e. only for 
very large value of b. In our case (b/a = 10), there is a noticeable gap between the tangential and radial computed 
stresses at the external boundary. The pore fluid radial distribution is itself given by (for an incompressible fluid):
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The expression for a compressible fluid is more complex [8] and should be used when the flowing fluid is CO2.
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Fig. 6. Radial distribution for the radial and tangential effective stresses for the elastic deformation analysis in a HC plug with outer to inner 
diameter ratio of 10. The applied stress on the outer boundary is 3 MPa, the pore pressure there is 2 MPa and a 1 MPa pressure drawdown is 
applied at the well.
3.1.2. Elastoplastic deformation analysis
As seen in the preceding section, when applied effective stress on the outer surface increases or when drawdown 
to the well increases, the shear stress (proportional to the difference between the tangential and radial stresses) at the 
borehole increases. At some point, this shear stress will cross the yield limit of the material and plastic deformation 
sets in. Entering the plastic regime has two consequences: first, the local tangential stress is relieved, going down to 
lesser values; secondly, any further deformation in the plastic zone will be irrecoverable, as opposed to elastic 
deformation.
In order to check whether and how much of the rock has yielded plastically, one has to check for a yield criterion. 
Several different plastic yield models exist; here, we shall use the most common, namely the Mohr-Coulomb 
formalism [9]:
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where V'1 is the major principal effective stress, V'3 – correspondingly the minor principal effective stress, c – the 
cohesion and I – the friction angle. m is given by:
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Compressive stresses are again taken as positive here. The part of the plug nearest to the borehole, where stress 
difference is highest, will be the first to cross the plastic transition criterion and yield. Assuming the zone of interest 
is in plastic yield state, the stresses there are obtained as [10]:
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The plastic transition radius can be obtained by equating the elastic and plastic stresses there [10]:
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Needed parameters are assembled in Table 1. The table is populated by fitting a Mohr-Coulomb failure envelope 
on triaxial tests run on Saltwash South sandstone [6] at increasing confining stress (Figure 7). Some of the 
parameters in Table 1will be used later in the strain analysis.
     Table 1. Input parameters for elastoplastic analysis on Saltwash South outcrop sandstone.
Input parameter Value
C 0.3 MPa
I 0.52 rad
m 3
< 0.09 rad
n 1.19
Q 0.3
( 1.8 GPa
KB 0.29
D 1
'pmax 0.2 MPa
Ve 11 MPa
428   Pierre Cerasi and Lars Erik Walle /  Energy Procedia  86 ( 2016 )  420 – 431 
Introducing the numerical values needed into equation (3.8), the plastic zone radius is first evaluated for different 
values of the borehole injection pressure up to 'pmax. We now revert to a diameter ratio (b/a) of 5, so as to mimic the 
laboratory tests described earlier. With the triaxial input parameters, our simple Mohr-Coulomb model predicts 
incipient plastic yield already for an external stress of 0.9 MPa, as shown in Figure 8. Adding an injection pressure 
of only 2 bar is enough to remove the plastic zone, as seen in Figure 9.
Fig. 7. Series of triaxial tests run on the Saltwash South outcrop sandstone. A linear fit is shown, yielding the needed Mohr-Coulomb parameters.
Fig. 8. Radial distribution for the effective stresses in a Saltwash South HC plug with outer to inner diameter ratio of 5. The pore pressure at the 
outer boundary is atmospheric, the confining stress is 0.9 MPa with atmospheric pressure in the wellbore.
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Fig. 9. Radial distribution for the effective stresses in a Saltwash South HC plug with outer to inner diameter ratio of 5. The pore pressure at the 
outer boundary is atmospheric, the confining stress is 0.9 MPa with 2 bar fluid pressure in the wellbore.
It is interesting to evaluate the associated strains, when in plastic mode. These are irreversible strains, only the 
elastic strains are recovered when stress loading is reversed. The plastic strains are calculated as [10]:
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where < is the dilation angle. For incipient plasticity, with no flow and low external stress of 1 MPa, plastic 
strains are expected to be less than 1 mStrain, as seen in Figure 10. These strains increase to about 8 mStrain, when 
the confining stress is increased to 10 MPa (Figure 11). The plastic zone is straining in accordance with the plastic 
flow rule chosen in this model, depending strongly on the dilation behaviour controlled by the dilation angle <, here 
taken at a moderate value of 5 degrees. Changing this value strongly influences the magnitude of the plastic strains. 
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Fig. 10. Plastic strains at incipient plastic yield, for 0.9 MPa outer radial stress and no pore fluid flow.
Fig. 11. Plastic strain evolution between injection cycles, for 10 MPa outer radial stress and fluid injection pressure values of 0 and 2 bar.
4. Discussion
Comparing the elastoplastic analysis with the laboratory tests, deformation seems to occur in conflicting 
directions; whereas the experiments show a reversal of deformation in the borehole between confining stress ramp-
up and cyclic injection, the analysis suggests that due to the high external radial stress applied (10 MPa and more), 
the HC plug is expected to be in overall compression and thus any plastic deformation would be towards reducing 
borehole diameter.
One explanation could be that the test strain measurements are spurious and reflect only electronic drift over the 
duration of the test; however the recorded strain during confinement ramp-up is consistent with observations for 
other tests on SWS and the gauges seem to pick nicely the elastic deformations associated with each injection cycle.
Looking at plastic radial deformation, the analysis would predict on average 1 mm displacement after 100 
cycles; taking 15 mm/m from the second test, and multiplying by the initial radius of 1 cm, we find 150 µm total 
deformation. This finding is consistent with the raw data of the hole diameter measurements. Again, the direction of 
deformation (towards enlarging or reducing the borehole diameter) is in conflict with the analysis.
In any case, none of the two plugs showed any sign of fatigue or failure after the tests, although scanning at 
higher electron energy could reveal micro-cracks invisible in the ordinary medical CT scanner.
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5. Conclusion
Intermittent injection tests were carried out in order to check whether shut-in period in planned CO2 injection in 
case of weak formations could lead to loss of cohesion in the formation near the wellbore. The tests carried so far 
showed no signs of fatigue weakening, even though cyclic injection was performed on almost unconsolidated 
sandstone plugs, under close-to-failure confining stress. An analysis based on Mohr-Coulomb theory highlighted 
that for low injection pressure and high confinement, as expected in weak and depleted formations, the near-well 
area might always be under compression, such that plastic yield is permanent. Under such conditions, one would 
expect that each shut-in period would lead to permanent plastic deformation, thus accumulating for many cycles. 
Whether this accumulation of plastic deformation is of concern in the field remains to be investigated, since on the 
one hand, if keeping the stress cycles within small limits one could envisage that the plastic zone is a zone with 
diminished shear stresses and for a relatively ductile material, relatively far from failure conditions. On the other 
hand, plastic softening might lead to eventual failure, even if each cycle only causes small plastic deformation. On 
top of all this, it remains to be seen whether geochemical reactions caused by the CO2 exposure might change the 
mechanical picture one way or another.
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